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tum,	 a	 buzz-	pollinated	 plant	 with	 dimorphic	 anthers	 and	 mirror-	image	 flowers,	 to	
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Enantiostyly	 is	 a	 type	 of	 reciprocal	 placement	 of	 sexual	 organs	
among	flowers	(Jesson	&	Barrett,	2003).	Enantiostyly	is	characterized	
by	the	deflection	of	the	style	to	either	the	left-	or	right-	hand	side	of	
the	 floral	 axis,	with	 the	 anthers	 usually,	 but	 not	 always,	 placed	 op-
posite	to	the	style	resulting	 in	mirror-	image	floral	morphs	 (Jesson	&	
Barrett,	2002,	2003;	Webb	&	Lloyd,	1986).	Therefore,	in	enantiosty-
lous	 species,	pollen	 is	deposited	and	picked	up	 in	opposite	 sides	of	
the	pollinator’s	body,	and	pollination	occurs	as	visitors	move	between	
flowers	of	different	morphs	(Jesson	&	Barrett,	2005).
Across	 flowering	 plants,	 enantiostyly	 is	 often	 associated	 with	
heteranthery,	 the	presence	of	 two	morphologically	distinct	 types	of	
anthers	in	the	same	flower	(Jesson	&	Barrett,	2003).	The	two	anther	












(Vallejo-	Marín	et	al.,	 2010).	Buzz-	pollination	 requires	visitors,	 usually	
bees,	 to	 release	 pollen	 from	 poricidal	 anthers	 through	 the	vibration	
of	their	thoracic	muscles	(Buchmann,	1983;	De	Luca	&	Vallejo-	Marín,	
2013).	When	a	pollinator	 approaches	enantiostylous	 and	heteranth-
erous	 flowers,	 it	 grasps	 the	 feeding	 anthers,	 and	vibrates	 to	 extract	
the	 pollen,	which	 is	 ejected	 from	 the	 anther	 pores	 onto	 the	ventral	











contact	with	 the	 sexual	 organs	during	visitation	 (Armbruster,	Keller,	
Matsuki,	&	Clausen,	1989).	For	 instance,	 studies	on	 the	 relationship	
between	proboscis	length	and	depth	of	the	floral	structures	that	con-
tain	the	reward	(e.g.,	nectar	spurs,	corolla	tubes)	have	shown	that	size	
matching	 between	 flower	 and	pollinator	 can	determine	 the	 success	
of	 pollen	 transfer	 (pollen	 deposition	 and	 removal;	 Kuriya,	 Hattori,	
Nagano,	&	 Itino,	 2015;	 Stang,	Klinkhamer,	Waser,	 Stang,	&	Van	der	
Meijden,	2009).	The	overall	 size	of	pollinator	can	also	be	 important,	









between	 pollinators	 and	 floral	 traits	 in	 pollen-	only	 reward	 flowers	
(Bowers,	 1975;	 Duncan,	 Nicotra,	 &	 Cunningham,	 2004;	 Gao,	 Ren,	
Yang,	&	Li,	2006;	Kawai	&	Kudo,	2009;	Liu	&	Pemberton,	2009).
Most	 of	 these	 studies	 mainly	 focus	 in	 describing	 whether	 flo-
ral	 visitors	 of	 different	 size	make	 contact	with	 the	 floral	 sexual	 or-
gans	when	 foraging	 for	 pollen	 (Bowers,	 1975;	Duncan	 et	al.,	 2004;	
Gao	et	al.,	2006;	Liu	&	Pemberton,	2009;	Solis-Montero,	Vergara,	&	











In	 this	 study,	 we	 address	 the	 hypothesis	 that	 there	 is	 an	 opti-
mum	size	of	visitor	 for	 a	given	 size	of	 flower	 that	maximizes	pollen	
deposition	 in	 Solanum rostratum	 (Solanaceae),	 a	 pollen-	only	 reward	
flower	 that	 possesses	 a	 relatively	 complex	 floral	 morphology	 com-
bining	enantiosty,	heteranthery,	and	buzz-	pollination.	We	conducted	
an	 experimental	 test	 to	 determine	 how	 reproductive	 success	 re-
lates	 to	 pollinator-	flower	 size	 matching	 in	 S. rostratum	 visited	 by	
buzz-	pollinating	 bumblebees	 (Bombus terrestris).	 S. rostratum	 is	 a	
     |  3SOLÍS- MONTERO aNd VaLLEJO- MaRÍN
self-	compatible,	bee-	pollinated,	annual	herb	that	is	partially	outcross-
ing	 (outcrossing	 rate:	 t = 0.70	±	0.03;	 Vallejo-	Marín,	 Solís-	Montero,	
Souto	Vilaros,	&	Lee,	2013),	which	inhabits	open	and	disturbed	hab-
itats	 (Bowers,	 1975;	Whalen,	 1979).	 This	 species	 strongly	 depends	
on	pollinators	to	reproduce	(Solís-	Montero,	Vergara,	&	Vallejo-	Marín,	
2015).	The	flowers	of	S. rostratum	are	presented	in	a	vertical	cyme,	and	
are	oriented	horizontally,	 that	 is	with	 the	main	 floral	axis	parallel	 to	
the	ground	(Ushimaru,	Dohzono,	Takami,	&	Hyodo,	2009).	This	species	
is	 distributed	 from	 central	Mexico	 to	 the	Great	 Plains	 in	 the	U.S.A.	
(Whalen,	 1979)	 and	 also	 occurs	 as	 an	 invasive	 species	 in	 Canada,	
Asia,	Europe,	and	Australia	(Whalen,	1979;	Zhao,	Solís-	Montero,	Lou,	





1975).	 In	 central	Mexico,	natural	populations	are	visited	by	15	 spe-
cies	of	bees	that	range	from	1	to	10	mm	in	thorax	width.	Legitimate	
pollinators	of	this	species	are	large-	sized	bees	(from	5	to	10	mm)	that	















2  | MATERIALS AND METHODS
2.1 | Floral morphology in native populations
In	 order	 to	 characterize	 the	 variation	 in	 floral	 morphology	 among	
natural	 populations	 of	 S. rostratum,	 we	 collected	 floral	 morphology	
data	from	six	populations	across	a	latitudinal	gradient	in	Mexico	dur-
ing	October	and	November	of	2010	(Table	1).	In	each	population,	we	















In	 order	 to	 generate	 plants	 for	 the	 pollination	 experiment,	 we	 col-
lected	 seeds	 from	 two	of	 the	 six	populations	measured	 in	 the	 field	
(PP	and	VDU;	Table	1).	We	selected	these	two	populations	because	




ternal	 family	 (5	×	20	=	100	 plants	 per	 population)	 were	 planted	 in	
glasshouses	 at	 the	 University	 of	 Stirling	with	 growth	 conditions	 as	






bee	 for	 our	 experiment	 because	 individuals	 show	 considerable	 size	
variation	(thorax	width:	2.3–8.8	mm;	Goulson,	2010),	and	colonies	are	
readily	available	 from	commercial	providers	as	 they	are	used	 in	 the	
pollination	of	crops,	 including	other	buzz-	pollinated	species	 such	as	
tomatoes	 (Solanum lycopersicum).	Moreover,	 bumblebees	 are	 native	
TABLE  1 Populations	sampled	for	characterizing	the	floral	morphology	of	Solanum rostratum
Pop. Code Population Latitude (N) Longitude (W) Elevation (m)
Number flowers 
measured (individuals)
AH Atitalaquia,	Hidalgo 20.07° 99.22° 2,090 60	(30)
CH Cempoala,	Hidalgo 19.91° 98.65° 2,467 32	(16)
PP Puebla,	Puebla 19.06° 98.16° 2,198 60	(30)
TEM Teotihuacán,	Estado	de	México 19.68° 98.86° 2,277 32	(16)
TP Zapotitlán	de	Salinas,	Puebla 18.33° 97.57° 1,670 120	(30)
VDU Vicente	Guerrero,	Durango 23.74° 104° 1,926 60	(30)











should	play	an	 important	 role	 in	pollen	deposition	due	to	 the	direct	





The	 floral	display	of	each	plant	 in	 the	array	was	standardized	 to	
four	flowers	(two	for	each	enantiostylous	morph);	the	remaining	flow-
ers	were	either	removed	or	bagged	with	fine	mesh	to	exclude	bees.	




























flowers.	 To	 investigate	 this	 hypothesis,	 we	 calculated	 the	 difference	
between	 the	 distance	 from	 the	pollinating	 anther	 to	 stigma	 (DPAST),	
and	 the	 bumblebee’s	 abdomen	 width	 (BAW)	 as	 shown	 in	 Figure	2.	
Hereafter	 we	 refer	 to	 this	 index	 as	 the	 size-	matching	 index	 or	 SMI	
(SMI	=	DPAST	−	BAW).	The	size-	matching	 index	has	a	straightforward	
interpretation:	when	SMI	=	0	 the	abdomen	of	 the	bumblebee	 fits	 ex-
actly	into	the	space	between	the	pollinating	anther	and	stigma.	Positive	
values	of	SMI	indicate	that	the	space	between	the	sexual	organs	is	larger	





2.5 | Pollen deposition as a function of the  
size- matching index
The	variation	 in	the	SMI	of	 the	plant-	bee	combinations	used	 in	this	
experiment	is	shown	in	Appendix	S2.	The	number	of	pollen	grains	de-
posited	by	the	bumblebee	onto	stigmas	and	the	production	of	fruits	
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of	visits	and	SMI	as	fixed	effects	(including	both	linear	and	quadratic	
















within	 its	 flowers.	 The	 first	 two	 components	 of	 the	 PCA	 on	 floral	
traits	explained	a	total	of	55%	of	the	variance	 in	floral	morphology.	














in	 the	 glasshouse	 in	 Scotland	 (F1,35	=	0.28,	p	=	0.60;	Appendix	 S1b).	
However,	 we	 found	 enough	 variation	 in	 the	 distance	 between	 the	
pollinating	anther	and	the	stigma	in	the	progeny	of	both	populations	
(1.31–17.94	mm)	to	conduct	the	pollination	experiment.
3.2 | Pollination efficiency as a function of the fit 
between pollinator and floral morphology
3.2.1 | Number of pollen grains deposited by 
bumblebees on the stigma
We	 found	 pollen	 deposited	 on	 the	 stigmas	 of	 unvisited	 flowers	 in	
experimental	 arrays;	 66%	of	 unvisited	 flowers	 contained	 from	1	 to	




perimental	 arrays.	 An	 alternative	 explanation	 is	 that	 there	 is	 auto-
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fertilization	 (Solís-	Montero	 et	al.,	 2015),	 suggesting	 that	 spontane-




grains	 are	 deposited	with	 additional	 visits,	 but	 subsequently,	 pollen	
deposition	decreases	as	visit	number	increases	(Table	3;	Figure	4a,b).	




of	 a	 bumblebee	 is	 larger	 than	 the	 separation	 between	 the	 pollinat-
ing	anther	and	stigma	(negative	values	of	SMI),	more	pollen	grains	are	
deposited	on	 the	 stigma.	Conversely,	when	 the	 abdominal	width	of	
the	bumblebee	is	smaller	than	this	separation	(positive	values	of	SIM)	
fewer	pollen	grains	are	deposited	onto	the	stigma.
3.2.2 | Fruit and seed production in relation to the 
pollinator’s fit with the floral sexual organs
We	 found	 no	 significant	 effect	 of	 the	 SMI	 on	 fruit	 set	 (regression	
slope	=	−0.186;	 p = 0.09;	 Table	3).	 In	 contrast,	 we	 found	 a	 positive	
relationship	 between	 the	 number	 of	 seeds	 and	 the	 SMI	 (Table	3;	
Figure	5).	 In	 other	 words,	 this	 intriguing	 result	 indicates	 that	 more	





























statistic (z) p value
Pollen grain deposition on stigmas
Fixed effect
Number	of	visits 0.555	(0.030) 18.004 <0.001
Number	of	visits2 −0.069	(0.005) −13.943 <0.001
Size-	matching	index −0.068	(0.008) −7.858 <0.001





Size-	matching	index −0.186	(0.111) −1.675 0.094




Size-	matching	index 0.214	(0.037) 5.704 <.001
Random effect Variance (SD)
Individual	per	array 0.190	(0.436)
Array-	block 0.082	(0.286)
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on	stigmas	and	seed	set.	Our	results	provide	evidence	in	support	of	
the	hypothesis	 that	 correspondence	 in	 flower	morphology	and	pol-
linator	size	is	an	important	determinant	of	pollen	transfer	dynamics	in	
buzz-	pollinated	flowers	with	complex	morphologies.
Native	 populations	 S. rostratum	 in	 Mexico	 varied	 in	 flower	 size	




variation	 among	populations,	 but	 in	 this	 case,	 southern	populations	
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variation	across	 a	 latitudinal	 gradient	 is	unknown.	One	possibility	 is	
that	variation	 in	 floral	size	and	herkogamy	may	reflect	 in	part	expo-
sure	to	different	sizes	of	pollinators.	For	example,	studies	 in	nectar-	
producing	 plants	 have	 shown	 that	 flower	 size	 can	 covary	with	 the	
morphological	 characteristics	of	 the	 local	 pollinator	 assemblage	and	




























The	variation	 in	 floral	 traits	 found	 in	 field	 populations	 of	 S. ros-
tratum	also	provided	us	with	the	opportunity	to	test	whether	pollen	
deposition	 increases	with	 the	 fit	 of	 the	 pollinator	 to	 the	 floral	 sex-
ual	organs.	Pollination	efficiency	was	estimated	in	our	study	through	
female	 fitness	 components,	 namely	 assessing	 the	 extent	 of	 pollen	
deposition	onto	the	stigmas	of	the	flowers	as	well	as	fruit	and	seed	
production.	 Instead	 of	 finding	 that	 pollen	 deposition	was	maximum	
when	the	flower	and	pollinator	body	matched	best	(near	values	of	zero	
SMI)	as	we	initially	hypothesized,	we	found	that	pollen	deposition	in	
S. rostratum	 increased	 linearly	with	 lower	 SMI	values,	 i.e.,	when	 the	
visiting	 bee	was	 larger	 than	 the	 separation	 of	 the	 sexual	 organs	 of	
the	flower	being	visited.	Consequently,	pollen	deposition	was	lowest	
when	 the	 abdomen	of	 the	bee	 (the	part	 of	 the	bee	 that	may	 come	






















set	 (seed	 number	 per	 fruit)	was	 positively	 related	 to	 SMI	 (Table	3).	
In	other	words,	while	visitation	by	bumblebees	that	were	larger	than	








depression	causes	 the	 failure	of	 self-	fertilized	ovules.	 In	our	experi-
ment,	each	individual	plant	in	an	experimental	array	had	four	flowers	
(two	per	floral	morph)	open	at	the	same	time.	Therefore,	pollinators	















































S. rostratum	 include	 large-	sized	bees	 (e.g.,	Xylocopa sinensis	and	Bombus 
ignites;	Zhang	&	Lou,	2015).	Comparing	the	size	matching	between	flower	







Our	 results	 suggest	 that	 the	size	matching	between	a	pollinator	and	
the	sexual	organ	separation	determines	the	pattern	of	pollen	deposi-





Understanding	 the	 relationship	 between	 flower-	pollinator	 matching	
and	plant	fitness	will	require	integrating	the	effects	of	pollen	removal	
and	 receipt,	with	 postpollination	 processes,	 including	 pollen	 compe-
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